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Abstract 
A new methodology has been developed for automated fatigue crack growth (FCG) life analysis of components based on finite 
element (FE) stress models, weight function stress intensity factor (SIF) solutions, and algorithms to define idealized fracture
geometry models.  The idealized fracture geometry models are rectangular cross-sections with dimensions and orientation 
appropriate to an irregularly shaped component cross-section with arbitrary stress gradients on the crack plane.  The fracture 
model geometry algorithms are robust enough to accommodate crack origins on the surface or in the interior of the component, as
well as finite component dimensions, arbitrarily curved component surfaces, arbitrary stress gradients, and crack geometry 
transitions as the crack grows.  Stress gradients are automatically extracted from multiple load steps in the FE models for input to 
the fracture models.  The SIF solutions accommodate univariant and bivariant stress gradients and have been optimized for both 
computational efficiency and accuracy.  The resulting calculations can be used to automatically construct FCG life contours for
the component and to identify hot spots.  Ultimately, the new algorithms will be used to support automated probabilistic 
assessments that calculate component reliability considering variability in the initial crack size, initial crack location, crack
occurrence rate, applied stress magnitudes, material properties, inspection efficacy, and inspection time. 
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1. Introduction 
It is obviously desirable to produce mechanical components that exhibit superior integrity and structural 
reliability; i.e., significant and dependable resistance to fatigue fracture over a long service lifetime.  This challenge 
is increasingly being addressed through the application of damage tolerance concepts during the design phase, by 
performing calculations to show that fatigue cracks arising from possible material or manufacturing anomalies in the 
component will not grow to failure during the design lifetime.  Although it may not be possible to ensure that the 
component can tolerate any possible initial flaw, it may be possible to demonstrate that the probability of fracture is 
sufficiently small (perhaps because the probability of occurrence of an especially large anomaly is small enough, 
and because the component can easily tolerate smaller anomalies).  Performing these fracture mechanics 
calculations (including a fatigue crack growth (FCG) calculation of the cycles required to grow the crack formed at 
the anomaly to a critical failure size) may be relatively straightforward when the component has a limited number of 
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likely failure locations (perhaps because the stresses are severe at only a few critical locations, and/or because 
serious anomalies would only be consequential at a few critical locations).  However, if the anomaly is a material 
defect that is equally likely to occur anywhere in the volume of the component, or a manufacturing anomaly that 
could occur at many different locations, it is much more complicated to consider every possible failure scenario.   
This hypothetical situation is well illustrated by the design challenge of hard alpha anomalies in high energy 
rotating components of gas turbine aircraft engines manufactured from titanium alloys.  These anomalies, which are 
small brittle zones in the microstructure where the alpha phase has been stabilized by the presence of nitrogen 
introduced inadvertently during the melting process, occur very infrequently—perhaps less than one defect per 
million kilograms of titanium alloy.  But when they do occur, they can be present anywhere in the manufactured part 
(surface or interior), and if large enough, they can lead to premature fracture of the component.  As in the unusual 
aircraft incident in Sioux City, Iowa in 1989, the results can unfortunately be catastrophic [1].  The potential effects 
of hard alpha anomalies are not captured in the fatigue tests used to guide conventional fatigue analysis, since the 
occurrence rate is so low.  And it is impractically over-conservative to design against the possibility that a hard 
alpha defect occurs in every component, or that it always occurs in the worst possible location in a rotor. 
A better method for addressing this challenge is a probabilistic damage tolerance approach, as outlined by the 
Federal Aviation Administration (FAA) in a recent Advisory Circular [2].  This approach combines two probability 
calculations: the probability that an anomaly of a certain size exists at a given location in the volume of the 
component, and the probability that this anomaly (now assuming that it exists) will cause fracture of the component 
during its design lifetime.  This second calculation, however, still requires a potentially large number of FCG 
calculations for initial cracks of different sizes occurring at many different potential locations in the component. 
The challenge of posing and solving many different FCG problems is further complicated by complex component 
geometries (curved surfaces and finite boundaries in close proximity to crack locations) and complex stress fields 
that can vary in all directions.  Two contrasting fracture mechanics methods are traditionally available to address 
this challenge.  Three-dimensional (3D) numerical fracture software offers integrated modeling of the crack in the 
component, calculating the stress intensity factor (SIF) accurately with finite element (FE) or boundary element 
(BE) methods based on the actual 3D crack and component geometries and stresses, and updating the mesh as the 
crack grows.  However, these codes are generally impractical for production use because the time required to pose 
and solve each problem can be extremely long—perhaps several hours. A second approach employs engineering 
fracture software based on pre-programmed SIF solutions for simplified crack and component geometries.  This 
solution strategy can be very fast—execution times of a few seconds or less.  However, the user is left with the task 
of interpreting how best to manually transfer dimensions and stresses from component models into the simplified 
fracture models, and the SIF models themselves often address only simple uniform or linear stress fields.  This 
requires not only significant user time, but also specialized user experience and expertise in fracture that may not be 
common among all design engineers.  Furthermore, the even greater challenge of doing all of these calculations 
probabilistically (requiring significantly more computation time and significantly more user expertise) remains. 
In this paper, a new approach to automated FCG analysis of components that offers a unique balance of accuracy 
and efficiency, fully integrated with probabilistic considerations, is described.  The center of the scheme is an 
automated algorithm to construct appropriately simplified fracture mechanics models for an initial crack occurring at 
an arbitrary location in a complex component.  This automation scheme is supported by new weight function (WF) 
SIF solutions that efficiently accommodate complex stress gradients throughout the crack plane, and a direct 
interface with FE models to extract detailed component geometry and stress information.  The automated fracture 
model algorithm is employed to generate FCG life contours for the component, and ultimately to facilitate 
automated calculation of component reliability. 
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2. Algorithms for Fracture Geometry Models 
Automatic calculation of fatigue life for arbitrary locations based on traditional stress-life or strain-life methods is 
relatively straightforward, because the life calculation typically depends only on the stress or strain tensor at the 
point of interest (usually on the component surface), and not on the surrounding component geometry or stress field.  
However, a FCG calculation is much more complicated, because the SIF of the crack, and hence its FCG rate, can 
depend strongly on free surfaces near the crack, as well as the stress field in the vicinity of the crack.  Therefore, a 
fracture model must be generated that adequately captures these finite geometry and stress distribution effects. 
The simplest fracture geometry models with enough flexibility to address such effects are rectangular plate 
models with straight (through) or elliptical (part-through) crack shapes, especially elliptical embedded cracks, semi-
elliptical surface cracks, and quarter-elliptical corner cracks.  These shapes have been observed to be reasonable 
approximations of actual fatigue cracks in many components. The two geometry simplifications (regular crack 
shapes and rectangular plate boundaries) make it possible to generate families of SIF solutions that can be solved 
with explicit analytical forms or straightforward numerical schemes for given stress distributions.  The well-known 
Newman-Raju [3] SIF solution for a semi-elliptical surface crack in a rectangular plate under remote tension or 
bending is one of the best-known examples.  As discussed later in the paper, this approach has been generalized with 
WF methods to accommodate arbitrary stress distributions on the crack plane and non-symmetry in the geometry.  
Although the component cross-section on an arbitrary crack plane is nearly never rectangular, the free surfaces of 
the fracture model only affect the SIF solution when the crack is near a free surface, and this will often only occur at 
one or two surfaces of the rectangular plate model (so that the lack of correspondence between the actual component 
geometry and the other edges of the rectangle is irrelevant).  If the crack is still small compared to all the dimensions 
of the rectangle when it reaches critical (failure) size, then none of the rectangle dimensions are significant.   
A first-generation automatic fracture model algorithm based on rectangular plate models was previously 
developed by Emery et al. [4] as part of a larger effort to develop a multi-scale damage and durability simulation 
methodology.  However, that approach was limited to simplified stress gradients and to semi-infinite geometry 
models that neglected most boundary effects.  Although it performed well for a limited set of simple test coupon 
geometries used in demonstration problems, it would not be able to address the complex component shapes of 
mechanical components such as gas turbine engine rotors. 
The starting point for the new algorithm is a cross-sectional slice of the component through the initial crack 
location.  The slice orientation is defined by the maximum principal cyclic stress plane at the crack location, since 
most fatigue cracks beyond microstructural size scales orient themselves perpendicular to the maximum principal 
cyclic stresses (i.e., Mode I cracks).  The remaining challenge is how to lay out a suitable plate orientation and size 
on this cross-sectional plane.  The algorithms developed to address this challenge are briefly described in the 
following paragraphs, accompanied by illustrations from software in which the algorithms have been implemented. 
2.1. Selecting Plate Orientation 
One challenge is selecting the plate orientation: the angles of the major and minor plate axes.  For cracks on the 
component surface, this is usually straightforward: one edge of the plate will be tangent to the component boundary 
at the initial crack location.  The crack will then grow away from this edge, and the other boundaries may or may not 
become significant as the crack grows.  This orientation is illustrated in Fig. 1 for an axisymmetric impeller model. 
For embedded cracks in the interior of the component, selecting the plate orientation requires additional 
considerations.  If the initial location of the embedded crack is relatively close to the surface of the component, such 
that the embedded crack will grow to the surface and transition into a surface crack, then the most appropriate plate 
orientation for the embedded crack model is the same as for the resulting surface crack (plate boundary tangent to 
the component surface at the center of the surface crack).  See Fig. 2(a).  In order to estimate whether or not the 
embedded crack will transition to a surface crack, the critical failure size of a hypothetical embedded crack can be 
calculated and compared to the plate dimensions. 
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If, however, the embedded crack is far away from all component boundaries, such that it will not grow to any 
surface before reaching critical size, then the orientation of the plate relative to the component boundaries is 
irrelevant.  In this case, the plate orientation should be chosen to capture the direction of the most significant stress 
gradient in the immediate vicinity of the crack.  Although embedded crack WF solutions that accommodate arbitrary 
stress fields in all directions on the crack plane are now available, they are more computationally costly, and it is 
often more practical to employ WF solutions formulated for stresses varying along only one dimension of the 
rectangular plate.  Therefore, the task is to align one plate axis along the direction in which the stress variations are 
most pronounced.  This is illustrated in Fig. 2(b).  Note the orientation of the hoop stress gradient (blue line). 
2.2. Selecting Plate Size 
The other challenge is selecting the appropriate size (height and width) of the rectangular plate model.  If the 
component boundaries are far away from the crack, then this is simple; an infinite plate model is adequate.   
However, if the growing crack approaches component boundaries in any direction, then the finite plate size in that 
direction should be defined so that the effect of the free surface is adequately captured. 
Fig. 1. Example of plate model for surface crack where orientation is defined by tangency to component boundary 
Fig. 2. (a) Example of plate model for embedded crack where orientation is defined by nearby component boundary;  (b) Example of plate model 
for embedded crack where orientation is defined by significant stress gradient 
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One of the algorithms used to fix plate sizes is illustrated in Fig. 3.  In this example, an embedded crack is located 
at the origin of the coordinate system, and the coordinate system orientation has been defined by the point of 
tangency on the component boundary nearest to the crack (because the growing embedded crack will transition to a 
surface crack).  Trial plate boundaries (blue dashed lines) are defined by the intersection of the plate axes with the 
component boundaries.  Each quadrant is bisected by a diagonal from the crack origin, and updated plate boundaries 
(dashed red lines) are defined by the minimum distance from the crack origin to the component boundary in each 
half of each quadrant.  These updated boundaries may be further modified by similar constructions in the other 
quadrants, ensuring that the final plate boundaries represent the minimum size indicated by any quadrant. 
Note that the final plate may not necessarily be contained entirely within the component boundaries, but there is 
generally adequate net section area elsewhere in the component (outside the plate model) to accommodate this load.  
The essential constraint is that the crack itself should not grow beyond the component boundaries, and the plate 
algorithm shown in Fig. 3 is intended to enforce this constraint for elliptical cracks.  Remember, also, that most of 
the FCG life will usually be consumed when the crack is small (and, therefore, usually farther away from the 
component boundaries).  Figs 1 and 2 both include illustrations of these plate-sizing algorithms.  Note that this plate-
sizing algorithm can also be applied to surface cracks (two quadrants) and corner cracks (one quadrant). 
Special sizing considerations apply to surface and corner cracks because near boundaries may not be rectangular 
or straight.  A surface crack, for example, may occur on a non-straight boundary that is either convex or concave.  
The concavity of a boundary trending outward can be conservatively neglected.  However, the convexity of a 
boundary trending inward (e.g., circular cross-section) confounds the basic plate sizing algorithm and can render the 
SIF solution from a rectangular plate model non-conservative.  To address this issue, a special algorithm inserts a 
side plate boundary where the deviation from straightness exceeds an angular limit.  An example is shown in Fig. 4, 
where the surface is convex to the left of the crack and concave to the right.  Additional algorithms address side 
edges of the component boundary that are abrupt or gradual.  Each of these special considerations only applies when 
the boundary changes are sufficiently close to the crack, as characterized by estimates of critical crack size. 
Corner cracks present special challenges, because some “corners” on the component boundary will differ 
significantly from the perpendicular intersection of two straight boundaries in a rectangular plate.  Traditional 
“corner crack” SIF solutions address only cracks at 90° corners.  In this scheme, algorithms attempt to map most 
corners into an appropriate “corner crack” model (including identification of the edge along which the most 
significant stress gradient occurs).  Corners with significantly larger angles may be mapped into a surface crack 
configuration for a convex front surface.  Curved corners are generally mapped into surface crack models, but these 
often have conservatively narrow plate widths.  Further work is needed to develop new SIF solutions for rounded 
and non-normal angular corners, and then to integrate these new solutions into updated model logic. 
Fig. 3. Schematic illustration of plate sizing algorithm  Fig. 4. Example of plate model for surface crack on non-straight boundary 
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3. Interfaces with Finite Element Models and Weight Function SIF Solutions 
Rapid construction of large numbers of fracture mechanics geometry models and rapid application of the models 
to calculate FCG life both require a direct interface with the FE model of the component used to perform stress 
analysis.  The new paradigm for automated FCG analysis includes such an interface.  Standard files for FE geometry 
models and stress results at different time points are converted into a neutral file format and then read directly into 
the fracture software.  Translators have already been developed for the commercial FE codes ANSYS and ABAQUS 
due to their widespread use among turbine engine manufacturers.  Filtering schemes facilitate extraction of sub-
models from larger assembly models.  The translated FE models (both the geometry and the stress results) can then 
be displayed through the graphical user interface (GUI) of the fracture software.  This can be done for both 2D and 
3D FE models, although the automated schemes have been implemented to date only for 2D axisymmetric models, 
which provide a component cross-section on a principal stress plane (hoop plane).  The method can easily be 
extended to 3D by slicing the 3D model along the maximum principal stress plane for each crack location. 
In the original framework developed for FCG analysis of components, the user then manually builds individual 
fracture geometry models for each desired initial crack location through the GUI, using simple mouse functions to 
place the crack, create a plate, orient the plate, and size the height and width of a rectangular plate model.  The 
dimensions and stresses are then automatically extracted from the FE model and fed to the fracture model.  This is 
itself a remarkably efficient process, albeit impractical for building hundreds of models quickly.  The quality of the 
resulting fracture models is a function of the skill, experience, and judgment of the user.  The automated plate 
definition process described earlier can be thought of as an effort to replicate the skill and judgment of an expert 
user, as well as to significantly accelerate the model construction process.  The resulting automatically-generated 
models do not depend on the user, and so they largely eliminate the user as a potential source of variability in the 
design process.  However, the GUI still facilitates inspection of all automatically-generated models, allowing the 
user to manually amend a model judged to be less than optimum.  This GUI was used to generate the illustrations 
shown in earlier figures. 
Direct access to all of the detailed stress fields is ultimately of little value to the life analysis process unless this 
information can be used to calculate more accurate SIF values.  This automated process is supported by a new 
family of WF SIF solutions with improved accuracy and numerical efficiency [5, 6, 7].  New solutions were 
generated for corner, surface, and embedded cracks in rectangular plates and at circular holes.   These WF methods 
accurately describe the effect of arbitrary stress distributions over the crack plane on the SIF value.  WF solutions 
are commonly limited to stresses varying along one direction only (so-called univariant solutions).  However, the 
new SIF solution family used here also includes novel WF solutions that address arbitrary stress gradients in all 
directions on the crack plane (so-called bivariant solutions).  All of the WF solutions are calibrated by a large matrix 
of highly accurate “reference solutions” for different plate and crack sizes and shapes generated using high 
resolution 3D numerical fracture software. 
Because the WF solutions require integration of the weight functions and the stress distributions over the crack 
surface, they can be computationally intensive, and this is especially true for the bivariant solutions that require two-
dimensional integration.  In order to improve computational efficiency so that the solutions are practical for the 
automation process, two numerical algorithms were developed.  The first algorithm replaces the real-time 
integration with a closed-form double series summation based on integrands that were calculated in advance and 
stored in tabular form.   The second algorithm generates a table of complete SIF solutions in advance for specific 
geometric combinations relevant to the initial conditions of the specific fracture model, updating the table as needed 
when the crack grows beyond the original table limits. 
Note that during the automated construction of fracture mechanics geometry models, these interfaces with FE 
models and SIF solutions are used to a limited extent.  The geometry information in the FE models is obviously used 
heavily.  The stress field information is used primarily to orient plates for embedded cracks and to estimate critical 
crack sizes.  SIF solutions are called only to estimate critical crack sizes.  No actual FCG analysis or life calculation 
is currently performed to guide plate construction, since this would significantly slow down the automated process. 
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4. Automatic Generation of Life Contour Maps 
The automatic fracture geometry model and FE/SIF model interface capabilities can be employed to generate life 
contour maps for complex components.  A fatigue crack of user-specified constant initial size or area is placed 
virtually at every node in the FE model.  The automatic geometry model process is invoked to generate a fracture 
model for each crack, and then the FCG lifetime to failure (or runout) is calculated for each model.  This life 
calculation can employ FE stress results at multiple time steps, using rainflow cycle counting to pair individual time 
steps into appropriate stress cycles.  For efficiency reasons, this calculation currently uses only univariant SIF 
solutions, but this is a limitation that can be removed in future implementations, albeit with some loss of efficiency. 
The resulting family of calculated life results can be visualized in the GUI using conventional contouring 
methods, as is often done for stresses.  Example results are shown in Figs 5 and 6.  The images on the left show the 
stress contours, and the images on the right show the corresponding FCG life contours.  The life contours are shown 
as the logarithm (base 10) of the calculated life, since fatigue lives span a wide range and vary nonlinearly.  These 
figures demonstrate that the stress hot spots (red regions of especially high stress) do not correspond exactly with the 
life hot spots (regions of especially low FCG life), due to the additional geometry factors that influence FCG life.
Fig. 5. (a) Hoop stress contour plot for part of an axisymmetric ring disk geometry; (b) Corresponding life contour plot 
Fig. 6. (a) Hoop stress contour plot for part of an axisymmetric impeller geometry; (b) Corresponding life contour plot 
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5. Automatic Calculation of Component Reliability 
As noted in the Introduction, the ultimate goal of this process can also be a probabilistic damage tolerance 
analysis. In this case, the desired result is not merely a collection of FCG life values, or the identification of hot 
spots, but rather an integrated risk or reliability value for the component as a whole.  For the cited example of hard 
alpha anomalies in titanium rotors, a zone-based probabilistic analysis process has been developed [8].  In the 
simplest case, the probability of component fracture for a single zone is the product of the probability that a material 
anomaly occurs in the volume of that zone, times the probability of fracture given that the anomaly is present in that 
zone.  The total probability of component fracture is then the sum of all the zone probabilities.  By always placing 
the hypothetical anomaly in each zone at the life limiting location within that zone, a conservative result is assured, 
and the calculated reliability converges from above to the exact solution as the zones are refined (as the number of 
zones increases) [9].  A zone in a preliminary discretization that makes a negligible contribution to total risk does 
not need to be further refined.  On the other hand, a zone that contributes a larger percentage of the total calculated 
risk may be a prime candidate for refinement (and thereby reduction of unnecessary conservatism). 
In the current software implementation, the construction and refinement of zones is largely a manual process, 
aided by GUI visualization of the FE model, the FE stresses, and calculated zone-by-zone probability-of-fracture 
values.  However, the development of new automated procedures for construction of fracture geometry models and 
for automated calculation of FCG life at any arbitrary location opens up new possibilities.  The logical next step is to 
combine the automatic fracture model and life contour capabilities into a new automatic reliability calculation 
algorithm.  This might take the form of automatic construction of a trial zone breakup and the subsequent automated 
refinement of this breakup until the calculated reliability converges.  Alternatively, it might take the form of some 
direct numerical integration of risk over the entire component volume, since the zoning process is itself a crude form 
of an integration scheme.  These automatic reliability method alternatives are currently being investigated, and first-
generation methods are scheduled for software implementation within two years of this writing.  The optimum 
scheme will likely be the one that optimizes execution time with robustness.  It would be relatively straightforward 
to use an initial zone breakup corresponding to the original FE model (each element = one zone), but this would 
often be too expensive computationally because it is inefficiently over-refined.  Many elements have low stresses 
and make negligible contributions to risk, and some adjoining elements exhibit similar life and risk values, and 
hence could be combined. 
The probabilistic life calculation itself currently includes five primary random variables: the initial crack size, 
which is generally based on the size of the corresponding anomaly; a life scatter factor that represents randomness in 
material properties as well as uncertainties in the life prediction models; a stress scatter factor; the probability of 
detection of the crack during an in-service nondestructive inspection (NDI); and uncertainty in the time of the NDI.  
The probabilistic calculations can be performed using full Monte Carlo simulation, which always converges to the 
exact answer given enough simulations (but can be extremely time-consuming) or a tailored Importance Sampling 
algorithm [10] that can significantly reduce the computational cost with no loss of accuracy. 
6. Concluding Remarks 
This probabilistic damage tolerance framework has been implemented in the DARWIN
® (Design Assessment of 
Reliability With INspection) software [11, 12].  New advances such as the automated fracture geometry models and 
life contours will be introduced in forthcoming releases.  DARWIN development and validation is being conducted 
in close conjunction with several aircraft engine companies, many of whom have also adopted the software for 
production use as part of their company design systems.  The new automation capabilities are expected to offer 
significant improvements in accuracy and efficiency, and therefore provide significant reductions in the total cost of 
the analysis process.  The new automation capabilities, which significantly reduce the need for user intervention, 
will also facilitate linking of DARWIN with other design software to perform optimization studies. 
636 R.C. McClung et al. / Procedia Engineering 2 (2010) 629–637
R. C. McClung et al. / Procedia Engineering 00 (2010) 000–000 9
Acknowledgements 
       The support of the FAA through Grant 05-G-005 is gratefully acknowledged.  Joseph Wilson of the FAA 
Technical Center and Tim Mouzakis of the FAA Engine and Propeller Directorate are thanked for their oversight 
and encouragement.  The members of the project steering committee, currently comprising Bob Maffeo (GE 
Aviation), Alonso Peralta (Honeywell), Johnny Adamson (Pratt & Whitney), and Jon Dubke (Rolls-Royce 
Corporation), have made many valuable contributions, along with their engine company colleagues. 
References 
[1]  National Transportation Safety Board. Aircraft Accident Report NTSB/AAR-90/06, 1990. 
[2]  Federal Aviation Administration. Damage tolerance for high energy turbine engine rotors, AC 33.14-1, 2001. 
[3]  Newman JC Jr, Raju IS. An empirical stress-intensity factor equation for the surface crack, Engrg Fract Mech 1981;15:185-92. 
[4] Emery JM, Hochhalter JD, Wawrzynek PA, Heber G, Ingraffea AR. DDSim: A hierarchical, probabilistic, multiscale damage and 
durability simulation system – Part I: Methodology and Level I, Engrg Fract Mech 2009;76:1500-30. 
[5]  Enright MP, Lee YD, McClung RC, Huyse L, Leverant GR, Millwater HR, Fitch SK. Probabilistic surface damage tolerance assessment 
of aircraft turbine rotors, Paper GT-2003-38731, ASME Turbo Expo, 2003. 
[6]  McClung RC, Enright MP, Lee YD, Huyse L, Fitch S. Efficient fracture design for complex turbine engine components, Paper GT-2004-
53323, ASME Turbo Expo, 2004. 
[7]  Lee YD, McClung RC, Chell GG. An efficient stress intensity factor solution scheme for corner cracks at holes under bivariant stressing, 
Fatigue Fract. Engng Mater. Struct. 2009;31:1004-16. 
[8] Wu YT, Enright MP, Millwater HR. Probabilistic methods for design assessment of reliability with inspection, AIAA J 2002;40:937-46. 
[9] Millwater HR, Enright MP, Fitch SK. A convergent zone-refinement method for risk assessment of gas turbine disks subject to low-
frequency metallurgical defects, J. Engng Gas Turbines Power 2007;129:827-35. 
[10]  Huyse L, Enright MP. Efficient conditional failure analysis – application to an aircraft engine component, Struct. Infrastruct. Engng
2006;2:221-30. 
[11]  Millwater HR et al. A probabilistically-based damage tolerance analysis computer program for hard alpha anomalies in titanium rotors, 
Paper 2000-GT-0421, ASME Turbo Expo, 2000. 
[12]  Leverant GR, McClung RC, Millwater HR, Enright MP. A new tool for design and certification of aircraft turbine rotors, J. Engng Gas 
Turbines Power 2004;126:155-9.
R.C. McClung et al. / Procedia Engineering 2 (2010) 629–637 637
